How signaling domains form is an important, yet largely unexplored question. Here, we show that ciliary proteins help establish two contiguous, yet distinct cyclic GMP (cGMP) signaling compartments in Caenorhabditis elegans thermosensory AFD neurons. One compartment, a bona fide cilium, is delineated by proteins associated with Bardet-Biedl syndrome (BBS), Meckel syndrome and nephronophthisis at its base, and requires NPHP-2 (known as inversin in mammals) to anchor a cGMP-gated ion channel within the proximal ciliary region. The other, a subcompartment with profuse microvilli and a different lipid environment, is separated from the dendrite by a cellular junction and requires BBS-8 and DAF-25 (known as Ankmy2 in mammals) for correct localization of guanylyl cyclases needed for thermosensation. Consistent with a requirement for a membrane diffusion barrier at the subcompartment base, we reveal the unexpected presence of ciliary transition zone proteins where no canonical transition zone ultrastructure exists. We propose that differential compartmentalization of signal transduction components by ciliary proteins is important for the functions of ciliated sensory neurons.
INTRODUCTION
Primary cilia are elaborate cellular organelles present on the surfaces of a large proportion of animal cells, including neurons, and function as sensory devices specialized for transducing various environmental stimuli (Berbari et al., 2009 ). Signaling components are often concentrated or dynamically incorporated within cilia, presumably to enhance and regulate signal capture and propagation (Corbit et al., 2005; Schneider et al., 2005; Simons et al., 2005) . The diverse roles of primary cilia as 'cellular antennae' include the modulation of signaling pathways that perform essential roles in physiology and development. Hence, defects in components required for cilium formation and function are associated with a growing number of human disorders, collectively termed ciliopathies, which encompass developmental anomalies and loss of sensory modalities (Badano et al., 2006) . Despite the recent efforts to study cilium-based signaling, our understanding of how signal transduction pathways are established and organized within cilia remains incomplete.
The second messenger cyclic GMP (cGMP) is widely utilized in biological systems, including sensory organs, and is present throughout the eukaryotic domain (Johnson and Leroux, 2010) . cGMP is produced by guanylyl cyclases and broken down by phosphodiesterases (PDEs), whose activities can be modulated by G-protein-coupled receptors (GPCRs). cGMP can directly activate cyclic-nucleotide-gated (CNG) ion channels and cGMPdependent protein kinases (PKGs), ultimately leading to various downstream effects, including activation of neurons. Recently, we highlighted the fact that cGMP signaling is confined to ciliated organisms (Johnson and Leroux, 2010) . This correlation between cilia and the cGMP pathway suggests that ciliary proteins might be important in modulating cGMP signaling, and indeed this appears to be the case in vertebrate photoreceptors (Insinna and Besharse, 2008) . In these cells, the connecting cilium (also known as transition zone) and outer segment represent a highly specialized cilium with an extensive membrane surface, where phototransduction is enabled through cGMP signaling. Retinal degeneration, often associated with mislocalization of cGMP signaling proteins, is a feature of many ciliopathies, such as in Bardet-Biedl syndrome (BBS) (Beales et al., 1999; Adams et al., 2007) . However, other examples of ciliary proteins functioning in cGMP signaling are mostly lacking.
It is also unclear how different modules of ciliary proteins affect cGMP signaling. Many proteins disrupted in BBS patients assemble into a complex called the 'BBSome' (Nachury et al., 2007) . This multimeric assembly functions with the small GTPase BBS3/ARL6 as a membrane-associated coat involved in trafficking ciliary cargoes (Jin et al., 2010) . BBS proteins associate with the intraflagellar transport (IFT) machinery (Blacque et al., 2004; Ou et al., 2005; Ou et al., 2007) , which uses motor proteins and accessory complexes to build and functionally maintain cilia (Silverman and Leroux, 2009; Sedmak and Wolfrum, 2011; Sung and Leroux, 2013) . Signaling components that require BBS proteins for trafficking into (or out of) cilia include GPCR proteins, such as melanin-concentrating hormone receptor 1 (MCHR1), somatostatin receptor type 3 (SSTR3), dopamine receptor type 1 (D1) and rhodopsin (Nishimura et al., 2004; Berbari et al., 2008; Domire et al., 2011) . Genetic studies implicate BBS proteins in cGMP signaling (Mok et al., 2011) , but the molecular basis of their involvement remains undetermined. Another group of ciliary proteins linked to different ciliopathies, including nephronophthisis (NPHP), Meckel syndrome (MKS) and Joubert syndrome (JBTS), form part of a protein network present within the proximal-most region of the cilium (Reiter et al., 2012) . This region, termed the transition zone, is characterized by Y-link structures connecting the axoneme with the membrane. The precise function of transition zone proteins is currently unknown, but likely act as part of a gating mechanism that modulates the entry and exit of ciliary proteins (Rosenbaum and Witman, 2002; Craige et al., 2010; Williams et al., 2011; Sang et al., 2011; Garcia-Gonzalo et al., 2011) . However, there is no evidence for transition zone protein involvement in cGMP signaling. So far, Caenorhabditis elegans DAF-25 (also termed CHB-3; ortholog of mammalian Ankmy2) is the only ciliary protein specifically associated with cGMP signaling (Fujiwara et al., 2010; Jensen et al., 2010) . Disrupting DAF-25 results in the failure of two different guanylyl cyclase proteins to target to cilia in sensory neurons. In photoreceptors, Ankmy2 associates with the guanylyl cyclase GC1 (also known as GUCY2D) (Jensen et al., 2010) . It remains unclear, however, what the mechanism of DAF-25 function is, and whether it represents a general modulator of guanylyl cyclase localization and function.
C. elegans represents an attractive system to study ciliumbased cGMP signaling. Its cilia are exclusively found within an established subset of sensory neurons, and it has many guanylyl cyclases, some of which are known to be localized to cilia and are implicated in specific behaviors (Yu et al., 1997; Johnson and Leroux, 2010) . A well-studied C. elegans behavior involving cGMP signaling is thermotaxis, the movement towards the cultivation temperature (Hedgecock and Russell, 1975) . The bilateral ciliated AFD neurons are the major thermal sensors mediating this behavior (Mori and Ohshima, 1995) , besides two other ciliated neurons, AWC and ASI (Kuhara et al., 2008; Beverly et al., 2011) . Although their sensory modality is different, the thermosensory AFD neurons are suggested to be homologous to vertebrate photoreceptors, based on similarities at the level of transcription factors, molecular pathways, and complex morphology (Erclik et al., 2009) . cGMP signaling components for AFD-mediated temperature sensing include the guanylyl cyclases GCY-8, GCY-18 and GCY-23, the CNG channels TAX-2 and TAX-4, and downstream modulators such as the protein kinase C TTX-4, the calcineurin A TAX-6 and the diacylglycerol kinase DGK-3 (Coburn and Bargmann, 1996; Komatsu et al., 1996; Kuhara et al., 2002; Okochi et al., 2005; Inada et al., 2006; Biron et al., 2006) . The thermal sensor molecule remains uncertain, although some evidence suggests that it is SRTX-1, a GPCR specifically expressed in AFD neurons (Colosimo et al., 2004; Biron et al., 2008) . Transmission electron microscopy (TEM) ultrastructural studies have shown that AFD neuron sensory endings possess ,50 small membrane projections called fingers or villi, as well as a 'rudimentary' cilium (Perkins et al., 1986) . This high ratio of membrane surface area to volume presumably contributes to the sensitivity of this neuron to temperature changes as small as 0.05˚C . In contrast, the function of the short cilium is unknown. Tan and colleagues found that disrupting BBS proteins results in abnormal thermotaxis (Tan et al., 2007) , but their actual mechanistic contribution to this behavior remains unclear.
Here, we demonstrate that ciliary proteins modulate the localization of cGMP signaling components in AFD neurons. Specifically, we show that proper localization of cGMP signaling proteins to different membrane compartments requires the MYND-domain-containing protein DAF-25, the BBSome protein BBS-8 and the transition zone network component NPHP-2. Moreover, we identify the finger membrane as a subcompartment of the ciliary structure in AFD neurons, with a newly identified membrane barrier that might act as a transport hub for signaling proteins functioning in the cilium. Interestingly, this gate contains a cellular junction marker and some components present are the same as those within the ciliary transition zone, although it lacks canonical Y-link structures. Our findings help establish the AFD neurons as a model system to study the connection between ciliary trafficking and the formation of discrete cGMP signaling compartments.
RESULTS cGMP signaling components localize to separate compartments with different lipid compositions in AFD neurons
The GPCR SRTX-1 and guanylyl cyclases GCY-8, GCY-18 and GCY-23 -signaling proteins required for thermotaxis -have been previously found to localize to the finger-containing region proximal to the cilium found at the very tip of AFD neurons (Colosimo et al., 2004; Inada et al., 2006) . However, it was unclear whether these proteins were also present in the cilium, an established sensory organelle. We therefore investigated the localization of various cGMP signaling components in relation to the cilium by co-expressing their RFP-tagged versions with ARL-13::GFP, a well-established ciliary membrane marker (ortholog of mammalian ARL13B; Cevik et al., 2010 ). An AFD-specific version of ARL-13::GFP localized predominantly to one single projection distal to the fingers, consistent with the ciliary location known from TEM analysis. Notably, less intense staining was also observed in the AFD fingers, but not the dendritic membrane (Fig. 1A,B) . The cilium marked by ARL-13::GFP is often elongated and exhibits extra membrane at the distal end, which could be caused by the overexpression of ARL-13 as described previously (Cevik et al., 2010) .
Interestingly, there was a segregation of cGMP signaling proteins into different domains. Fluorescently tagged versions of SRTX-1 and guanylyl cyclase proteins (represented here by GCY-18) with their endogenous promoter were expressed only in AFD neurons, consistent with previous reports (Colosimo et al., 2004; Inada et al., 2006) . More specifically, these proteins localized exclusively to the finger membrane, but not the cilium, of AFD neurons (Fig. 1A) . The CNG channel subunit TAX-4 (known as CNGA1 in mammals), however, is present in various ciliated neurons. In AFD neurons, it was found in the proximal part of the cilium, and not the fingers (Fig. 1B) . This is similar to the location of the subunits TAX-2 (known as CNGB1 in mammals) and TAX-4 at the proximal region of the ciliated AWB and ASK neurons (Mukhopadhyay et al., 2008; Wojtyniak et al., 2013) .
GPCR and guanylyl cyclase protein localization to the extensive membrane area of the fingers in AFD neurons might help increase its sensitivity to temperature changes. However, the advantage of having ion channels present only in the cilium is not clear. One possibility is that the lipid environment needed for ion channel function differs from that needed for thermosensation. We therefore probed the lipid composition of the AFD dendritic endings using GFP constructs carrying different lipid anchors (Zacharias et al., 2002) . Two GFP constructs with saturated fatty acid chains (myristoylated plus palmitoylated, and tandemly palmitoylated) are present throughout the dendritic, finger and, possibly, ciliary membranes of the AFD neurons. In contrast, geranylgeranylated GFP, which has an unsaturated fatty acid anchor, localizes specifically to the finger membrane (supplementary material Fig. S1 ). This suggests a different lipid composition between the finger membrane and the rest of the membrane at the AFD dendritic end.
Downstream of CNG channels, various voltage-gated ion channels help propagate and modulate neuronal activation. EGL-2 is an ether a-go-go (EAG) K + channel present in C. elegans sensory neurons, including AFD, that influences taxis behaviors through sensory processes (Weinshenker et al., 1999) . Given that EGL-2 could participate in electrical signaling downstream of a cGMP cascade, we investigated its localization in AFD neurons. Interestingly, EGL-2 was concentrated within a ring-like domain between the finger and dendritic membranes (Fig. 1C) . This close proximity to the cGMP signaling compartment, just before the electrical signal propagates down the dendrite, suggests that EGL-2 might be regulated by cGMP signaling directly or indirectly and helps set the excitability of AFD neurons for optimal thermotaxis.
Localization patterns of ciliary proteins indicate that AFD fingers represent a cilium-related subcompartment
The observation that the ciliary membrane marker ARL-13 is also present on the fingers but not dendritic membrane in AFD neurons (Fig. 1A,B) , even when injected at very low concentrations, suggests that the finger membrane is more similar in composition to the ciliary, rather than dendritic, membrane. To investigate the possibility that the finger compartment may be related to the cilium, we analyzed the localization of various ciliary proteins in AFD neurons. In these studies, we used fluorescently labeled SRTX-1 as the marker for the finger compartment, and observed the localization patterns of various ciliary proteins driven by an AFD neuron-specific promoter.
We first looked at XBX-1 (known as DYNC2LI1 in mammals), a dynein motor subunit of the IFT machinery shown to be present at the base and along the length of the axoneme of canonical cilia in other neurons (Schafer et al., 2003) . In AFD neurons, XBX-1 concentrated at the ciliary base and along the axoneme ( Fig. 2A) , as expected given that microtubule tracks can be observed within the short cilium of AFD neurons in TEM images (Perkins et al., 1986) .
Next, we looked at several members of the transition zone protein network (Williams et al., 2011) . As expected, NPHP-1 (known as NPHP1 in mammals) is enriched near the ciliary base in AFD neurons (Fig. 2B ,G), consistent with the presence of Ylinks in this region (Perkins et al., 1986) . However, to our surprise, besides the ciliary base, the transition zone network proteins MKSR-2 (known as B9D2 in mammals) and MKS-6 (known as MKS6 and CC2D2A in mammals) also displayed a second, more prominent localization, as a ring structure between the distal end of the dendrite and finger compartment (Fig. 2C,D) . That MKSR-2 and MKS-6 show a somewhat different localization pattern than NPHP-1 might reflect their involvement in two related, yet distinct transition zone protein modules (MKS and NPHP modules, respectively) (Williams et al., 2011; Sang et al., 2011) .
In all ciliated sensory neurons examined to date, BBS-8 (the BBS8 ortholog) is specifically found at the basal body, where IFT particles dock, and along the ciliary axoneme, in association with moving IFT particles (Blacque et al., 2004; Williams et al., 2011) . Surprisingly, BBS-8 was also found at two different locations in AFD neurons: concentrated at the ciliary base (as expected) and at the ring structure (Fig. 2E ). To further support the hypothesis that the finger membrane represents a cilium-related subcompartment, we studied the localization in AFD neurons of isoform a of TRAM-1 (TRAM-1a; known as TRAM1 in mammals), a membrane protein normally found outside cilia, Fig. 2 . Localization of ciliary and dendritic protein markers uncovers the AFD finger compartment as a cilium-related subcompartment. Fluorescently tagged ciliary proteins were produced specifically in the AFD neurons and co-expressed with SRTX-1, a marker of the AFD finger membrane. The IFTdynein subunit XBX-1 (A) and transition zone protein NPHP-1 (B) are enriched at the base of the cilium. The transition zone proteins MKSR-2 (C) and MKS-6 (D) are localized at the base of the cilium and are also present as ring structures between the finger and dendritic membranes. (E) BBS-8 is also localized in the cilium and at the ring structure. (F) TRAM-1a, which is normally found at the dendritic tips but not inside cilia, is present at the ring outside of the finger compartment in AFD neurons. (G) Coexpression with ARL-13 confirmed that NPHP-1 signal is at the base of the cilium. Arrowheads indicate the base of the cilium. Scale bar: 1 mm.
near the basal body (Bae et al., 2006; Williams et al., 2011) . We observed TRAM-1a predominantly at the ring structure just outside of the finger area in AFD neurons (Fig. 2F ), suggesting that this structure might serve as a barrier between the finger and dendritic membranes in AFD neurons. Taken together, these data suggest that the AFD fingers represent a cilium-related subcompartment.
The cilium develops before the finger compartment
Having established the spatial relationship between the two presumptive signaling compartments, we were interested to know whether the cilium or finger compartment forms first. The temporal relationship between these two compartments could potentially give us insight into how the cGMP signaling cascade is established in AFD neurons. To investigate the development of these two compartments, the appearance of fluorescent SRTX-1 (a finger membrane marker), ARL-13 (a ciliary membrane marker) and MKS-6 (a transition zone marker) at the site of ciliogenesis were followed in AFD neurons during embryogenesis. ARL-13 appeared early at the site of the developing cilium at the 2-fold embryonic stage (Fig. 3A) , consistent with the onset of ciliogenesis (Sulston et al., 1983; Swoboda et al., 2000) . At the early 3-fold stage, the MKS-6 signal starts to be seen at the ciliary site as one distinct punctum, suggesting the formation of a transition zone, the first ciliary structure to form as proposed by Williams et al., 2011 (Fig. 3B) . Our observation that ARL-13 can be seen at the ciliary site earlier than MKS-6 is consistent with the recent finding by Ruppersburg and Hartzell (Ruppersburg and Hartzell, 2014 ) that during ciliogenesis, the ciliary membrane can be defined before the migration of the centriole to the apical membrane, and therefore preceding transition zone formation. When SRTX-1 becomes visible later at the 3-fold stage, its signal overlapped with ARL-13 in a rod shape, and their signals gradually separate, albeit not completely, before any fingers are detectable (Fig. 3A) . In the meantime, a second MKS-6 signal split away from the anterior and original transition zone, and these two signals moved away from each other as the finger compartment grew (Fig. 3B) . Our data are therefore the first to describe, using endogenous markers, a pre-finger compartment. The fingers were formed last, at the late 3-fold stage (Fig. 3B ). Our observations suggest that the cilium forms before the finger compartment, and further support the finding that the two compartments are related, initially arising from the same progenitor membrane.
The ring structure is not a typical transition zone
Because of its potential role in compartmentalizing and trafficking proteins in the AFD dendritic end, we further investigated the ciliary-protein-containing ring structure present around the base of the finger compartment. We found that this structure, when marked by MKS-6, persists in worms lacking DAF-19, the RFX transcription factor required for ciliogenesis in C. elegans (Swoboda et al., 2000) and which plays a conserved role in vertebrate ciliogenesis (Choksi et al., 2014) . Furthermore, the MKS-6 signal was retained in the absence of MKS-5 (known as MKS5 and RPGRIP1L in mammals), a core transition zone protein required for proper localization of all transition zone proteins tested (Huang et al., 2011; Williams et al., 2011) (Fig. 4A) . These data suggest that the localization of MKS-6, an established transition zone protein containing a lipid-binding C2 domain, to the ring structure is likely to be independent of the ciliary machinery.
The ring structure is not a canonical transition zone because earlier TEM revealed no structures reminiscent of transition zone Y-links between the finger and dendritic membranes (Perkins et al., 1986) . However, it could still act as a membrane barrier, similar to a canonical transition zone. Moreover, dark material at the membrane is seen around this area, typical of apical ('belt') junctions, special types of adherens junctions in C. elegans. Indeed, we find that AJM-1, an apical junction marker (Köppen et al., 2001) , also showed ring-like patterns around the base of amphid cilia (Fig. 4B) . In AFD neurons, AJM-1 co-localizes with MKS-6 at the ring structure, but is absent from the canonical transition zone (Fig. 4C) . Interestingly, mammalian NPHP module transition zone proteins have been found at cell-cell junctions in previous studies (NPHP1, NPHP4; Donaldson et al., 2000; Mollet et al., 2005) .
Supporting the ciliary gating function of transition zone proteins, Williams et al. (Williams et al., 2011) have shown that TRAM-1a leaks into the cilia of transition zone mutants. We tested whether TRAM-1a penetrated the finger compartment in transition zone mutants, but it displayed normal localization; in addition, no noticeable leakage of signaling proteins from the finger compartment was observed (data not shown). Additional studies will therefore be needed to assess the potential role of transition zone proteins at the ring structure.
Actin and intermediate filament are potential trafficking routes of ciliary proteins
How are ciliary proteins destined to the cilium transported from the apical junction, across the finger compartment, and to the cilium in AFD neurons? We hypothesized that microtubules might form the cytoskeletal tracks needed for this purpose. To address this, we carried out electron tomography of the AFD dendritic end in combination with high-pressure freezing (Fig. 5) . This sample preparation improves on the previous chemical fixation method used by Perkins et al. (Perkins et al., 1986) ; it can avoid artifacts such as membrane swelling, and preserve delicate structures such as microfilaments and small vesicles. Doroquez et al., (2014) recently produced a tomogram of the whole AFD dendritic ending that is consistent with our results presented below, albeit with fewer details of the inside compartment (Doroquez et al., 2014) .
To our surprise, no microtubule structures within the finger compartment were visible, but instead, intermediate filaments (IFs) were seen running in the middle of the compartment, with occasional vesicles seen nearby (Fig. 5) . Incidentally, upon increasing expression levels (or image exposure) of MKS-6::GFP, we observed signals along a filamentous structure that could be the same as the IFs seen by electron microscopy (Fig. 4A) . Electron tomography also showed actin filaments in the finger compartment, supporting the extensive membranous fingers (Fig. 5A ). This finding establishes the fingers as true microvilli, which has been speculated previously but not demonstrated (Perkins et al., 1986) . This component of the cytoskeleton could also be involved in trafficking, or anchoring signaling proteins such as guanylyl cyclases and SRTX-1 within the finger membrane, as seen for Na + channels at the node of Ranvier (Kaplan et al., 2001 ).
Normal localization of guanylyl cyclases requires DAF-25 and BBS proteins
Given the importance of ciliary proteins in cellular signaling, and their close association with cGMP signaling proteins at the dendritic end of AFD neurons, we wondered whether different ciliary proteins might modulate the localization of cGMP signaling components in the finger and ciliary compartments. We first examined the daf-25 mutant, which lacks the membrane guanylyl cyclases DAF-11 and GCY-12 in other cilia (Jensen et al., 2010; Fujiwara et al., 2010) . In daf-25 mutant [daf-25(2)] worms, the three AFD-specific guanylyl cyclases (GCY-8, GCY-18 and GCY-23) were completely absent from the AFD fingers, but instead were found along the dendrite in some worms (Fig. 6A) . Using SRTX-1 as a marker, we also observed various defects in the finger structure of the daf-25 mutant: 35% lacked fingers, 55% had stunted fingers, and 10% displayed long, protruding fingers (Fig. 6B) . Consistent with these observations, our TEM data revealed that daf-25 AFD neurons had few, if any, fingers, which were also disorganized, in contrast to wild-type worms, where numerous fingers run parallel to each other (supplementary material Fig. S2A ). Other cilia in the amphid neurons of daf-25 worms are superficially normal, similar to those described by Jensen et al., 2010 . Taken together, our data suggest that DAF-25 is essential for the trafficking of guanylyl cyclases and morphogenesis of a specialized sensory compartment.
Given that guanylyl cyclases were observed along AFD dendrites but not fingers of daf-25 mutants, we assessed the integrity of the ring structure separating the two membranes in the mutants. Remarkably, MKS-6 was markedly reduced or completely absent from the ring in the mutants, whereas its signal was increased along the filamentous structure between the ring and canonical transition zone (Fig. 6C) . Although apical junctions near amphid cilia of daf-25 worms appeared intact (supplementary material Fig. S2B ), our data suggest that the integrity of this barrier is compromised, resulting in a transition zone protein (MKS-6) leaking through the docking zone while others (guanylyl cyclases) are prevented from entering the finger compartment.
We also examined mutations in BBS-8, given its presence at both locations relevant to cGMP signaling proteins -the cilium, which harbors the cGMP-gated channel TAX-4, and ring structure at the entrance to the finger compartment, where SRTX-1 and guanylyl cyclases are found (Fig. 1A,B; Fig. 2E ). Although bbs-8 mutants showed normal localization of many different cGMP signaling components tested (SRTX-1, TAX-2, TAX-4, TTX-4 and TAX-6), they showed mislocalization of the guanylyl cyclase proteins (26%, 46% and 30% of AFD neurons were abnormal for GCY-8, GCY-18 and GCY-23, respectively) (Fig. 6D, supplementary material Fig.  S3 ). Whereas wild-type worms showed guanylyl cyclase localization only in the finger compartment, bbs-8 worms also had guanylyl cyclases along the dendrite, and variable, strong accumulation in the fingers. Importantly, we confirmed this phenotype in bbs-7 mutants (Fig. 6E) , demonstrating that the overall function of the BBSome is important for guanylyl cyclase localization in AFD neurons. Notably, this phenotype was not observed upon disruption of OSM-5 and CHE-11 (known as IFT88 and IFT140, respectively, in mammals), which impair anterograde and retrograde IFT, respectively (Fig. 6E) . Given that BBS proteins are normally associated with the IFT machinery, our findings suggest that BBS proteins might unexpectedly act in an IFTindependent manner to facilitate guanylyl cyclase trafficking to and/or from the finger compartment.
Correct localization of the TAX-4 channel requires DAF-19 and NPHP-2
The cGMP-gated channel subunit TAX-4 localized within the proximal part of the AFD cilium (Fig. 1B ), yet appeared to be unaffected by the disruption of BBS-8 or DAF-25 (supplementary material Fig. S3; Jensen et al., 2010) . We wondered whether other ciliary proteins were required for its proper localization. We first tested DAF-19, which is essential for ciliary gene expression and hence formation of all cilia in C. elegans (Swoboda et al., 2000) . Compared to wild-type worms, where TAX-4 localizes near the ciliary base and sometimes accumulates at the ring structure in AFD neurons, in daf-19 animals TAX-4 concentrated within the finger compartment, possibly along the filamentous structure between the cilium and ring structure (Fig. 7A ). This suggests that the filamentous structure might normally help traffic TAX-4 from the AFD dendrite to the cilium. . Electron tomography reveals the structure of the AFD dendritic ending. An electron tomogram was produced from thick serial sections for a distal portion of the AFD dendrite, in order to highlight details of the microvilli, the apical junction (AJ, pale orange) to the surrounding amphid sheath cell, and the various contents within the finger compartment, which lie along a cluster of IFs that span from the distal dendrite to the base of the cilium. (A) Orthoslice through a portion of the tomogram showing a variety of objects that have been modeled using IMOD to trace their contours, including a mitochondrion (green) and larger vesicles (beige) that might represent smooth ER. Several closely spaced IFs (gold) run as a tight bundle, with these other small objects lying close by. No microtubules were identified within this region. Several amphid channel cilia (asterisks) and several additional microvilli (V) that were not traced are indicated. Arrowheads indicate the base of two traced microvilli; their cytoplasm is locally more electron dense, representing diffuse actin just beneath the plasma membrane. The outline of traced microvilli is shown in the same color as the AFD plasma membrane (beige). Scale bar: 1 mm. (B) A nearby orthoslice shows three-dimensional features of several modeled objects to better display how they fit within the distal dendrite. In amphid cilia, TAX-4 localizes just distal to the transition zone, as with the inversin ('inv') compartment in mammalian cells (Shiba et al., 2009 ). There, inversin (INVS or NPHP2) helps anchor two proteins, NPHP3 and NEK8, which together might form a functional complex (Shiba et al., 2010) . We therefore questioned whether the C. elegans inversin ortholog NPHP-2, which is localized to the 'inversin compartment' (Warburton-Pitt et al., 2012) , is required for maintaining TAX-4 to this region. We confirmed that fluorescent-tagged TAX-4 colocalized with NPHP-2 in the proximal segment of amphid cilia, distal to the transition zone (marked by MKSR-2) and the basal body (marked by XBX-1) (Fig. 7B) . Interestingly, in nphp-2 mutants, TAX-4 failed to localize tightly to this region, being partially delocalized to the distal ciliary region, and no longer appearing to be membrane associated (Fig. 7C) . Given that the cilium of AFD neurons is short, and the signal of TAX-4::GFP in these neurons is even smaller, we could not conclusively test whether TAX-4 was mislocalized in AFD neuron cilia in nphp-2 mutants. However, nphp-2 mutants had thermotaxis defects suggestive of abrogated TAX-4 function (see below).
Ciliary proteins are required for thermotaxis
Given the mislocalization of guanylyl cyclases (GCY-8, GCY-18 and GCY-23) in daf-25 and bbs mutants, and of TAX-4 in the daf-19 and nphp-2 mutants (Figs 6, 7) , we expected that these mutants would exhibit thermotaxis defects. Only bbs mutants have been previously tested, with data suggesting thermosensation and/or thermotaxis defects (Tan et al., 2007) . Indeed, our findings indicate thermotaxis defects in daf-25, bbs-8, daf-19, and nphp-2 mutants (supplementary material Fig. S4A ). However, we noted that in the worms show defects in finger formation. The numbers are the percentages of worms with each phenotype (n5100). The arrowhead indicates a complete absence of fingers, and the arrow points to an extra-long finger. (C) The transition zone protein MKS-6 displays an altered localization in daf-25 worms, as it appears stronger at the filamentous structure connecting the cilium and the ring structure (arrowhead indicates the signal occasionally seen in the ring structure in the mutant). Scale bars: 1 mm. (D) Localization of a representative guanylyl cyclase (GCY-18::GFP) in wild-type and bbs-8 worms. GCY-18 is localized specifically in the finger compartment of wild-type AFD neurons, but accumulates in the fingers and along the dendrite of the bbs-8 mutant. In the image on the right for bbs-8(-), the plane was focused on the dendrite to highlight the accumulation there, this neuron still has GFP signal in the finger compartment. Arrows indicate the direction of the dendrite when it is not visible. The graph shows the percentage of AFD neurons with defective localization of each guanylyl cyclase (n.100). (E) Mislocalization of GCY-18 is a prominent phenotype in bbs mutants (bbs-7, bbs-8) but not other mutants that affect IFT (osm-5 and che-11). The bar graph shows the percentage of AFD neurons with defective GCY-18 localization (n.100). *P,0.05; ***P,0.001 (compared with wild-type, x 2 test).
absence of a temperature gradient, bbs-8, daf-19 and daf-25 mutants showed reduced 'spontaneous' movement both on and off food (supplementary material Fig. S4B,C) , even though their overall locomotion appeared normal when prodded with a pick. Such an exploratory phenotype has been reported for other ciliary mutants (Fujiwara et al., 2002; Gray et al., 2005) , and the movement behavior is thought to be mediated by various ciliated neurons, including AFD (Gray et al., 2005; Mok et al., 2011) . In contrast, the nphp-2 mutant does not exhibit an obvious locomotory defect (supplementary material Fig. S4B,C) , so its thermotaxis phenotype is likely caused by a temperature-sensing defect. Our data suggest that mutations in ciliary genes can cause thermotaxis defects, but further experiments will be needed to study how the role of ciliary proteins in cGMP signaling in AFD neurons might contribute to this phenotype.
DISCUSSION
To ensure optimal transmission of extracellular signals, signaling proteins are spatially arranged into domains where different modulator proteins, and possibly lipid environments, can efficiently regulate signal strength. This has led to the evolution of signaling centers, including cilia. In this study, we have started to unravel how ciliary proteins help establish two subcompartments that harbor different cGMP signaling components required for thermosensation in C. elegans AFD neurons.
Identification of a new cilium-related subcompartment bounded by transition zone proteins
Our studies suggest that the dendritic end of AFD neurons is a bipartite signaling compartment, harboring a bona fide cilium and a 'finger compartment' containing cGMP signaling proteins. This Instead of its wild-type localization at the ciliary base, TAX-4 in the daf-19 mutant is seen in the finger compartment, probably along the IFs. (B) TAX-4 localizes to the inversin compartment of the cilium. In amphid channel cilia, TAX-4 colocalizes with NPHP-2 in the proximal part of the cilium, above the transition zone (TZ, marked by MKSR-2) and the basal body (BB, marked by XBX-1). (C) TAX-4 is mislocalized in amphid cilia of the nphp-2 mutant. Wild-type cilia display discrete localization of TAX-4 at the proximal and not in the distal part of the cilia, whereas nphp-2 cilia show GFP signal leaking into the distal part of cilia. The histograms show the frequency distribution of the signal length at proximal and distal parts in cilia of wild-type (n544) and nphp-2 (n524) worms. Scale bars: 1 mm.
is supported by the localization of ciliary proteins to both subcompartments where cGMP signaling proteins are found (Figs 1, 2) , the shared developmental process of the two subcompartments (Fig. 3) , and the requirement of ciliary proteins for proper protein localization to both subcompartments (Figs 6, 7) . The presence of a ring-like barrier and trafficking hub between the fingers and dendrite, where ciliary proteins are found (Fig. 2) , also supports the hypothesis that the fingers represent a subcompartment of the ciliary membrane in the AFD neurons. Owing to its protein composition (i.e. the presence of ARL-13 and signaling proteins and lack of TRAM-1a), and the localization pattern of guanylyl cyclases in the daf-25 mutant, the finger compartment appears to be different from the recently described periciliary membrane compartment (PCMC) adjoining other C. elegans cilia (Kaplan et al., 2012) . The presence of BBS, IFT and transition zone proteins in the distal end of the AFD neuron provides further evidence that this region is a canonical cilium with a transition zone and axoneme, confirming previous TEM analyses (Perkins et al., 1986) . On the basis of our findings, we conclude that AFD neurons have a bipartite signaling compartment, consisting of a cilium and a finger subcompartment (Fig. 8A) .
Our data also showed that in AFD neurons, signaling proteins are segregated into different ciliary membrane domains. This is similar to that found in the mammalian olfactory cilia (Menco, 1997) and the outer segment of mammalian photoreceptors (Insinna and Besharse, 2008) . Interestingly, there seems to be a difference in the lipid composition of the two membrane domains, with the finger membrane lipid being less saturated and containing the putative GPCR thermosensor SRTX-1 and the guanylyl cyclases. The outer segment of photoreceptors is also rich in unsaturated lipids, which is important for rhodopsin DAF-25 might function at the ring structure to regulate the trafficking of signaling proteins into the finger compartment. In the daf-25 mutant, the integrity of this gate and of the fingers is compromised, and guanylyl cyclases (GC) are no longer found in the fingers, so this mutant is expected to have abrogated cGMP signaling. In the bbs-8 mutant, accumulated guanylyl cyclases in the finger compartment could result in a high basal level of cGMP, interfering with thermotransduction. In the nphp-2 mutant, the discrete CNG channel localization is disrupted, which could result in aberrant ion influx and defective neuronal activation. In the daf-19 mutant, the CNG channel is present in the non-permissive membrane environment, or becomes fixed or more abundant along the IFs, and is therefore rendered nonfunctional. All four mutants are predicted to have altered AFD function and are therefore defective in thermotaxis.
function in phototransduction (Poo and Cone, 1974; Aveldaño and Bazán, 1983; Boesze-Battaglia and Schimmel, 1997) . This high-fluidity lipid composition, however, might be incompatible with CNG channel function. The functions of ciliary channels are known to require a membrane rich in sphingolipids, which are saturated fatty acids (Forte et al., 1981) , and lipid bilayer composition is known to substantially affect the functions of various ion channels (Schmidt et al., 2006; daCosta and Baenziger, 2009) . Therefore, one function of ciliary subcompartments might be to provide appropriate lipid environment for different signaling proteins.
We also identified what might be a new type of membrane diffusion barrier between the finger and dendritic membranes, which harbors BBS and transition zone proteins that are normally found at the base of cilia (Fig. 2) . Unlike in the canonical transition zone, it lacks Y-links and does not require MKS-5 to anchor the transition zone proteins. The phenotypes of daf-25 and bbs-8 mutants suggest that this putative barrier prevents mixing of membrane proteins, and that entry and exit of proteins through this gate is regulated (Fig. 6 ). The barrier also contains the apical junction marker AJM-1 (Fig. 4) , providing another example of transition zone proteins present in both cilia and adherens junctions (Donaldson et al., 2000; Mollet et al., 2005) , and suggesting a similarity in the function of the transition zone and adherens junction. We hypothesize that in AFD neurons, proteins are docked at the apical junction, and either function there and/or go on to be transported to the cilium.
How ciliary proteins are transported from the ring structure across the microtubule-free finger compartment into the cilium remains unclear, but our work reveals that IFs might contribute (Fig. 5) . Although no motor proteins are known to move along IFs, these cytoskeletal tracks have been shown to interact with membrane-bound organelles (Styers et al., 2005) , and play an important role in directional mobility of vesicles in astrocytes, independent of their interaction with microtubules (Potokar et al., 2007) . The role of IFs in the finger compartment could be to restrict diffusion to one dimension. This is also supported by the increased presence of ciliary proteins along the IFs in the ciliary mutants daf-25 and daf-19 (Figs 6, 7) . Time-lapse analysis of protein trafficking along IFs could be used to test this potential role of these structures in AFD neurons, but is beyond the scope of this study.
The requirement of ciliary proteins in cGMP signaling
We identified several ciliary proteins that are needed for proper localization of cGMP signaling components. Besides mediating the ciliary localization of DAF-11 (Jensen et al., 2010) and GCY-12 (Fujiwara et al., 2010) , DAF-25 is also required for the proper localization of three other guanylyl cyclases in the AFD neurons, suggesting that DAF-25 is a general modulator of guanylyl cyclase localization in cilia. The daf-25 mutation also results in defective finger formation (Fig. 6B) . Given that photoreceptor degeneration is often associated with mislocalization of signaling proteins from the outer segment (Wheway et al., 2014) , and that the mammalian ortholog Ankmy2 binds the photoreceptor GC1 (Jensen et al., 2010) , we predict that mammalian Ankmy2 might play roles in ciliary photoreceptor development, function and degeneration.
The proper localization of guanylyl cyclases to fingers also requires BBS proteins in an IFT-independent manner (Fig. 6D,E) , consistent with the apparent lack of IFT proteins and microtubules (required for IFT motility) in this compartment. Besides its function in IFT, the BBSome also facilitates vesicular trafficking of ciliary proteins at the base of cilia (Nachury et al., 2007) ; such a function could also potentially be carried out at the ring structure, which is where vesicles likely dock before membrane proteins disperse into the finger area, and more distally, the cilium. Disruption of BBS proteins has been reported to result in mislocalization of GPCRs (Berbari et al., 2008; Domire et al., 2011) , but this is the first time that BBS proteins have been reported to be involved specifically in the trafficking of guanylyl cyclases, a central component of cGMP signaling. Our finding that only guanylyl cyclase localization is affected in both bbs and daf-25 mutants provides evidence that the trafficking of guanylyl cyclases is an important step in the regulation of cGMP signaling by ciliary proteins.
We showed that NPHP-2/inversin colocalizes with the CNG channel subunit TAX-4 and is required for its proper localization in the inversin compartment (Fig. 7) . The altered localization of TAX-4 in the nphp-2 mutant is similar to that reported in AWB neurons by Wojtyniak et al. (Wojtyniak et al., 2013) , but milder than the phenotype seen in mammalian inversin mutant cells (Shiba et al., 2010) . In nphp-2 mutant worms, the encoded protein is predicted to still localize to the inversin compartment given that the C-terminal region, required for proper localization, is intact (Shiba et al., 2009 ), but might have a reduced ability to interact with binding partners due to the missing ankyrin repeats. Thus, the truncated NPHP-2 might have reduced affinity for TAX-4 (directly or indirectly), leading to TAX-4 leakage into the distal part of the cilium and a thermotaxis phenotype. Understanding the basis of this defect will be of interest, as it might, for example, help shed light on the role of mammalian NPHP2/inversin and the 'inversin compartment' that play essential roles in Wnt signaling (Lienkamp et al., 2012 ).
The ciliary mutants tested have various protein mislocalization patterns, but all are expected to result in defective sensory transduction through the misregulation of key signaling components (Fig. 8B) . Notably, defective signaling could result in mutant phenotypes that are different from those arising from a complete lack of signaling proteins. Our thermotaxis data suggest that mislocalized signaling proteins could lead to defective behaviors (supplementary material Fig. S4 ). However, because of the involvement of AFD and other neurons in both thermosensation and locomotion -two components of the themotaxis behavior -additional studies will be required to uncover how the mislocalization of cGMP signaling proteins in the AFD neurons of ciliary mutants might result in their thermotaxis and/or movement phenotypes. Finally, given the close relationship between AFD neurons and vertebrate photoreceptors, which also partition cGMP signaling machinery on distinct membranes, our findings might help provide insights into the mechanism of normal retinal function and degeneration in the context of ciliopathies.
MATERIALS AND METHODS

Strains
All strains were cultured at 20˚C using standard techniques (Brenner, 1974) . The Bristol strain N2 was used as the wild type. The mutant strains used were MX52 bbs-8(nx77), MX972 daf-25(m362); daf-12(sa204), JT6924daf-19(m86); daf-12(sa204), JT204 daf-12(sa204), MT3645 bbs-7(n1606), PR813 osm-5(p813), CB3330 che-11(e1810), MX1331 nphp-2(gk653), MX754 mks-5(tm3100). The daf-25 and daf-19 mutants were used in the context of daf-12 background to suppress the developmental arrest (dauer) of the daf-25 and daf-19 mutants, with the daf-12 mutant alone showing a normal phenotype. A list of transgenic strains is available upon request.
Construction of transgenic strains
Translational fluorescent fusion constructs were created by stitch PCR (Hobert, 2002) . The AFD-specific constructs were made by using the 1.5-kb upstream region of the gcy-8 gene as the promoter. Templates for PCR amplification were either genomic DNA from N2, or plasmids p328 (osm-5::xbx-1::tdTomato), p344 (nphp-1::tdTomato), p342.1 (osm-5::mks-6::gfp) -gifts from Bradley Yoder, University of Alabama, AL. Constructs were injected at the 5-10 ng/ml range.
Microscopy
Live animals were anaesthetized with 10 mM levamisole, mounted on 5% agarose pads with 0.1-mm-diameter polystyrene beads (Polysciences, PA), and observed under epifluorescence or spinning disk confocal microscopes. Image analyses were carried out using Volocity (Improvision) for deconvolution and colocalization.
Electron tomography
Animals were prepared by high-pressure freezing, using a Bal-tech HM 010 High Pressure Freezer, followed by freeze substitution into osmium fixative in 100% acetone in an RMC Freeze Substitution Device. After warming to 0˚C, samples were washed in 100% acetone and embedded into Embed-812 resin. Semi-thick serial sections were collected onto Pioloform-coated slot grids, and viewed on an FEI Technai F20 electron microscope. Tomograms were calculated using a back-projection method using internal reference points ('markerless alignment') (Hall et al., 2012) . The three-dimensional reconstruction of electron tomograms was performed using IMOD software. One tomogram consists of 1256 serial levels after combining dual-axis tomograms from 15 serial thick sections.
